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The  purpose  of  the  Pulsed  RF  Waveguide  Studies  Program,  Phase  1, 
was  to  demonstrate  the  feasibility  of  and  perform  parametric  studies  on  a 
flowing  rf  pumped  CO^  waveguide  laser.  Hughes  is  pleased  to  report  the 
successful  completion  of  the  Phase  1 effort  within  the  contracted  time  and 
fiscal  budgets . 

This  report  will  deal  with  both  the  theoretical  and  experimental 
aspects  of  the  program  including  analysis  of  the  data  and  an  outline  of  the 
experimental  equipment  and  procedures  used  to  obtain  the  data.  Detailed 
derivations  of  the  equations  used  in  the  analysis  will  not  be  included  but 
appropriate  references  will  be  noted  whenever  possible  to  aid  the  reader  in 
locating  supporting  background  material.  riptions  of  the  device  con- 

tained within  this  report  will  be  sufficient  for  a basic  understanding  of  the 
physics  without  compromising  certain  proprietary  engineering  design 
information  obtained  on  internal  funding. 

During  the  course  of  the  program,  iwe  contractual  bi-monthly 
reports  on  the  program  progress  were  issued.  A review  of  those  reports 
illustrates  the  large  amounts  of  time  and  monies  spent  during  Phase  1 to 
eliminate  a contamination  problem  in  the  laser  head  which  would  only  allow 
for  flowing  gas  operation  such  that  laser  output  would  immediately  cease 
upon  sealing  off  the  laser  head.  During  the  interim  period  following  the 
end  of  Phase  1 and  the  proposed  start  of  Phase  2,  the  contamination  prob- 
lem was  finally  eliminated  by  changing  the  cleaning  procedure  on  the  laser 
parts  prior  to  assembly. 

The  new  cleaning  procedure  has  allowed  for  a cw  sealed-off  rf  wall 
plug  efficiency  of  12  percent  to  be  obtained  for  the  modified  laser  head  used 
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to  perform  the  Phase  1 experiments,  (Note  that  a typical  pulsed  rf  laser 
head  may  also  be  run  cw  by  changing  the  matching  network  and  gas  mix). 
Unfortunately  the  contamination  problem  was  not  solved  during  Phase  1 
such  that  all  the  data  taken  was  subject  to  the  influence  of  contamination 
although  this  influence  w'as  minimized  by  flowing  the  gas.  The  data  would 
probably  be  somewhat  different  had  the  contamination  issue  been  solved 
prior  to  data  taking.  Notwithstanding  the  results  of  the  pulsed  rf  device  are 
impressive  and  there  is  little  doubt  that  improvements  can  be  made  in  the 
device  for  the  proposed  Phase  2 studies. 

It  should  also  be  noted  that  the  commercial  pulsed  rf  power  supply 
purchased  for  the  Phase  1 effort  did  not  perform  to  specification  nor  was  the 
reliability  of  the  internal  electronics  acceptable.  At  the  time  of  the  final 
data  taking  the  supply  output  power  performance  was  degrading  rapidly  such 
that  no  more  than  1.6  kW  average  pulse  power  could  be  obtained  at  the  end 
of  the  experiments.  The  supply  was  specified  for  2.5  kW  originally.  Thus 
most  of  the  data  was  taken  at  low  output  which  were  not  optimum  in  terms  of 
laser  performance.  Power  loading  tests  performed  early  in  Phase  1 while 
the  power  supply  was  still  operating  properly  indicated  that  average  pulse 
power  loadings  to  3.0  kW  was  not  a problem  although  no  laser  performance 
data  was  taken  during  this  time.  The  point  to  be  stressed  is  that  the  per- 
formance of  the  laser  was  at  the  mercy  of  the  supply  as  well  as  the  gas 
contamination  during  Phase  1 but  in  spite  of  these  problems  the  data  pre- 
sented here  is  impressive  and  subsequent  improvements  in  the  device  should 
greatly  improve  performance. 
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The  laser  used  for  the  Phase  1 experiments  was  a transversely 
excited  rf  pumped  CO^  waveguide  employing  internal  aluminum  electrodes 
and  BeO  walls  with  gas  flow  into  the  ends  of  the  bore  and  out  through  a 
hole  at  the  center  of  the  ground  electrode.  Figure  1 is  a view  of  the  laser 
head  fully  assembled  including  part  of  the  matching  network. 

The  entire  laser  outer  shell  and  the  electrodes  were  composed  of 
cast  aluminum.  AR  coated  ZnSe  windows  were  epoxied  to  each  end  cap  thus 
allowing  for  the  capability  to  perform  gain  measurements  as  well  as  power 
output  measurements  (by  using  an  external  resonator).  Low  vapor  pressure 
epoxy  was  used  in  sealing  the  laser  head.  AN  fittings  were  used  to  attach 
the  gas  lines  to  the  laser  head  and  external  valves.  Figure  2 illustrates  the 
gas  plumbing  layout  used  during  the  experiments. 

The  active  pumped  region  of  the  laser  was  2mm  x 2mm  x 19  cm. 

The  AR  windows  (less  than  1 percent  loss  each)  were  located  2.  Smm  from 
the  end  of  each  bore  opening.  The  ZnSe  windows  were  2.0mm  thick.  The 
resonator  optics  were  located  an  additional  0.  5mm  beyond  the  window’s. 

Thus  the  effective  optical  path  length  from  the  end  of  the  discharge  bore  to 
the  resonator  optics  was  about  8.4mm  at  each  end.  The  mirror  separation 
was  adjustable  with  a micrometer  on  one  end.  The  reflectivity  of  the  output 
coupling  mirror  was  variable  by  interchanging  optical  elements.  The  other 
reflector  of  the  resonator  was  99.  5 percent  reflecting  at  10.6  microns.  The 
resonator  was  a flat-flat  design.  The  laser  head  and  all  other  peripheral 
optics  were  mounted  on  a rigid  optical  rail  which  itself  was  solidly  mounted 
to  a rigid  optical  table. 
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Figure  2.  Gas  plumbing  layout 
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POWER  ELECTRONICS  DESCRIPTION 


Figure  3 illustrates  the  electronics  arrangement  used  during  the 
experiments  for  loading  and  measuring  the  power  delivered  to  and  reflected 
from  the  laser  head, 

A 50  ohm  input  impedance  power  supply  was  used  as  the  rf  source. 

The  power  was  delivered  to  the  matching  network  through  a bi-directional 
coupler.  Two  attenuated  ports  (-23.6  dB)  from  the  coupler  allowed  for  low 
power  measurement  of  the  forward  and  reflected  powers.  These  two  ports 
were  connected  to  an  rf  switch  by  which  either  port  could  be  connected  to  a 
second  attenuator  (-20  dB)  and  thus  observed  on  an  oscilloscope  via  an 
envelope  detection  circuit.  The  envelope  detection  circuit  is  diagrammed  in 
Figure  4.  The  purpose  of  this  device  is  to  allow  for  rf  noise  removal  due  to 
the  source  (the  pulse  source  operates  at  150  MHz)  by  rectifying  and  envelope 
detecting  the  rf  pulse  and  then  band-limiting  the  oscilloscope  to  20  MHz.  The 
effect  of  this  device  is  demonstrated  in  Figure  5.  The  circuit  converts  the 
rf  pulse  envelope  into  a rectified  step  function  with  an  offset  of  0,41  volts 
(due  to  the  voltage  drop  across  the  diode).  Thus  the  forward  and  reflected 
power  pulses  can  be  monitored  w'hile  simultaneously  using  the  second  trace 
of  a dual  trace  scope  to  monitor  sensitive  signals  from  the  high  speed  infrared 


detector  during  gain  and  power  output  measurements  but  without  rf  source 
noise.  The  reflected  power  returning  towards  the  generator  from  the  load  is 
dumped  into  a 50  ohm  load  by  the  use  of  a tuned  150  MHz  circulator  thus  pro- 
tecting the  power  supply  during  mismatched  conditions.  The  forward  power 
is  matched  into  the  laser  head  by  a set  of  tuneable  and  fixed  reactive  elements 
located  in  the  matching  network  and  laser  head. 
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Figure  3.  Power  electronics  layout 
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Figure  4.  Envelope  detection  circuit 
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Figure  5.  Typical  oscilloscope  traces  with  and  without  the  Envelope  Detection  Circuit  (see  Figure  4.) 


The  pulsed  power  supply  used  as  the  50  ohm  source  was  a modified 
EPSCO  model  #5231HB1  variable  in  power  output  (0  to  2.  5 kW  average), 
pulse  width  (0.  3 to  10  psec),  and  repetition  rate  (0.  1 to  20  kHz).  As 
previously  mentioned,  the  power  output  of  the  supply  degraded  during 
Phase  1 such  that  at  the  end  of  the  primary  experiments  the  best  power 
obtainable  from  the  supply  was  1.6  kW. 

The  tuneable  reactive  elements  in  the  matching  netw'ork  were  piston- 
type  capacitors.  The  pistons  w'cre  driven  by  micrometers  to  improve  the 
tuning  accuracy  of  the  capacitors. 

The  interconnections  between  the  independent  circuit  elements  w'as 
obtained  with  RG2M  cable  and  N-t^’-pe  connectors  (50  ohms).  This  relati\ely 
large  cable  diameter  was  chosen  to  minimize  pow-er  losses  within  the  cable 
primarily  du»'  to  the  skin  resistance  of  the  ci'ntt'r  conductor. 


LASER  HEAD  ELECTRONICS  MODEL 


Fij^ure  6 illustrates  the  lumped  equivalent  circuit  model  of  the  laser 
head.  R^  represents  the  effective  resistance  of  the  gas  during  the  discharge. 
In  fact  R^  is  not  a constant  and  during  the  power  pulse  will  change  in  value 
such  that  the  reflected  power  from  the  laser  head  will  v^ary  during  the  pulse. 
Prior  to  the  power  pulse  the  value  of  R^  can  be  considered  nearly  infinite  at 
low  pulse  repetition  rates  (less  than  20  kHz)  since  the  residual  plasma  density 
of  the  previous  pulse  is  rapidly  quenched  leaving  a low  conductivity  condition. 
It  was  felt  prior  to  Phase  1 that  efficient  passive  matching  of  the  power  supply 
to  the  laser  head  in  a pulsed  mode  would  be  difficult  due  to  this  temporal 
variation  of  R^,  In  fact,  this  problem  did  not  occur  since  the  gas  breakdown 
time  was  very  rapid  (less  than  2S0  nsec)  and  after  this  breakdown  time  the 
gas  resistance  remained  essentially  constant  for  the  rest  of  the  pulse. 


STRAY  INPUT  CAPACITANCE,  -2.4  pF 
INPUT  LEAD  RESISTANCE.  -0.2Sn 
INPUT  LEAD  INDUCTANCE.  -82nH 
DISCHARGE  ELECTRODE  CAPACITANCE.  -44  pF 
DISCHARGE  RESISTANCE,  100  TO  SOO  n TYPICAL 


Figure  6.  Larer  hoad  le^pad  circuit  modal 


Figure  7 illustrates  the  actual  forward  and  reflected  rf  envelope  of  the  power 
pulse  as  measured  with  the  apparatus  shown  in  Figure  3 for  a typical  pulsed 
rf  laser  discharge.  Note  the  reflected  power  spike  at  the  start  of  the  pulse 
which  rapidly  decays  to  a relatively  low  value  for  the  duration  of  the  pulse. 
Typically  the  reflected  power  after  the  initial  spike  can  be  held  to  less  than 
5 percent  of  the  forward  power  even  at  powers  of  up  to  3.  0 kW.  It  is  assumed 
that  further  increases  in  the  power  would  maintain  this  low  ratio  of  reflected 
to  forward  power  up  to  the  limit  that  gas  overheating  and  subsequent  rf  arcing 
in  the  discharge  occurred.  The  initial  reflected  power  breakdown  spike  time 
appears  to  have  some  dependence  with  pulse  power  and  generally  the  higher 
pulse  powers  require  slightly  less  time  for  the  gas  to  breakdown  although  this 
effect  is  not  great. 
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Figure  7.  Typical  forward  and  reflected  voltage  waveforms. 


The  lumped  elements  in  the  circuit  of  Figure  6 were  determined  in  the 
following  manner.  With  the  laser  head  disconnected  from  the  matching  net- 
work, a Hewlett-Packard  Vector  Voltmeter  coupled  with  a low  power  tuneable 
rf  source  and  bi-directional  coupler  was  connected  to  the  laser  head.  Without 
delving  into  the  experimental  aspects  of  this  equipment,  it  is  sufficient  to  say 
that  this  equipment  is  capable  of  measuring  the  complex  reflection  coefficient, 
p,  of  the  laser  head  versus  rf  frequency  (see  Reference  1 for  background). 

The  complex  reflection  coefficient  is  defined  as  the  ratio  of  the  complex  values 
of  the  reflected  divided  by  the  forward  electric  field  vectors.  The  value  of 
p will  in  general  be  a function  of  frequency  which  allows  for  the  determination  of 
the  effective  lumped  elements  of  the  circuit  model  assuming  the  dimensions  of 
the  laser  head  are  much  smaller  than  the  rf  wavelength.  For  cases  where  the 
wavelength  is  not  much  longer  than  the  discharge  length,  standing  wave  effects 
will  occur  such  that  the  validity  of  the  lumped  model  begins  to  fail.  The  wave- 
length of  the  rf  within  the  discharge  region  w'ill  also  decrease  by  s/«  ^ (where 
t ^ is  the  relative  permittivity  of  the  ceramic  waveguide  walls)  whenever  the 
parallel  discharge  capacitance,  C,  is  dominated  by  the  ceramic  walls.  For 
the  particular  case  of  the  pulsed  rf  laser  used  in  Phase  1 , BeO  was  used  as 

the  side  wall  material  with  c =6.8  and  the  BeO  was  the  predominate  source 

r 

for  the  capacitance,  C.  The  discharge  was  19  cm  long  (L^)  with  the  rf  being 
center  fed  thus  effectively  reducing  the  electrical  length  by  a factor  of  two. 
Thus  Lj/'l  =9.9  cm  as  compared  to  = 76. 7 cm  at  1 90  MHz  for  the 

discharge  wavelength  of  the  rf  and  thus  we  assert  that  a lumped  circuit 
approach  to  the  discharge  model  is  valid. 

The  data  obtained  by  the  vector  voltmeter  for  p is  in  the  form  of  pola^* 
coordinates  such  that  p is  expressed  as  a magnitude  |p|  and  and  angle  6.  This 
data  can  then  be  converted  into  a complex  impedance,  Z = R + jX,  either 
graphically  by  the  use  of  a Smith  Chart  or  algebraically  by  the  relations; 
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p - 2 p I cos  (0)  / 


2 )p|  sin  (6) 

|p|  - 2 |p|  cos  (0) 


(1) 


1 3 
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(2) 


where  is  the  source  impedance  50  ohms. 

Optimum  matching  of  the  rf  power  source  to  the  laser  head  occurs  when 
the  impedance  of  the  source  as  seen  looking  back  through  the  matching  network 
from  the  laser  head  is  equal  to  the  complex  conjugate  of  the  laser  head  impe- 
dance, Thus  the  purpose  of  the  matching  network  is  to  transform  the 

50  ohms  source  impedance  into  the  complex  impedance  as  seen  by  the 

laser  head.  For  the  lumped  circuit  model  of  Figure  6 and  making  the  a priori 
assumption  that  this  model  is  an  accurate  representation  of  the  rf  laser  head, 
the  laser  head  impedance,  can  be  expressed  in  terms  of  the  separate 

circuit  elements  through  the  equation: 

_ (ac  + bd)  + j (da  - cb) 

z-ih  - 2 — 72 

a + b 

where 

a = 1 - w^LC  - w^CCR^Rj 

b = i.C(Rg  + Rj)  - u-^LCCR^  4 

c = R,  + R “u.  I.  CR 
1 g g 

d = ujL  + u.CRjR^ 

U)  = Ztt{ 

and  where  the  algebra  is  left  to  the  reader  for  verification. 

DETERMINATION  OF  C,  C,  AND  L 

By  taking  data  of  p for  the  no  discharge  condition  (R^  eo ) and 
assuming  the  capacitance  across  the  discharge  region,  C,  does  not  change 
appreciably  between  the  discharge  and  no  discharge  conditions,  and  also 
assuming  the  laser  head  input  lead  resistance,  Rj,  is  small,  then  the  lumped 
values  of  C,  the  input  lead  inductance,  L,  and  the  stray  input  capacitance, 

C,  can  be  determined  through  the  relation: 


sin  (0) 

1 - cos  (0) 
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I - L C 
L ^ C - w (C  + C ) 


(4) 
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defined  as  the  ratio  of  the  power  delivered  to  the  gas  dis- 
charge divided  by  the  total  power  delivered  to  the  laser  head  and  is  given  by 
the  equation:^ 


^d  = 


1 


(1  + w^C^R 
1 t s_ 


R 


(S) 


For  cases  where  C is  large,  even  small  values  of  Rj  can  lead  to 

appreciable  losses.  For  example  consider  a typical  cw  rf  waveguide  laser 

with  R = 500  ohms,  C - 45  pF,  and  f = w/Zn  = 150  MH/.  and  assume  R 
& 1 
= 0,5  ohms.  For  this  case  = 0.69  which  is  relatively  poor  especially 

considering  that  Hughes  has  built  rf  sources  which  convert  28  volt  dc  to  rf 
with  a conversion  efficiency  of  nearly  85  percent.  Typical  values  of  R^  for 
properly  designed  rf  lasers  would  be  less  than  0.5  ohm.  Using  the  proceed- 
ing data  with  Rj  = 0.  1 ohm  yields  r|^j=  92  percent.  Lowering  the  value  of  C 
through  low  capacitance  design  will  further  increase  the  efficiency. 

Rj  can  be  determined  in  the  following  manner.  At  the  resonance  point 
of  the  laser  head  without  the  discharge,  the  Q of  the  laser  head  will  be: 


Q 


(6) 


where 


and  where  the  bandwidth  of  the  resonant  circuit,  Aw,  is  measured  as  the  full 

width  at  the  3 dB  points.  For  the  pulsed  laser  used  in  the  experiments, 

_ ^ 

Q = 151  at  w = 4.  6 X 10  rad/sec  and  L = 82  nil  so  that  Rj  = 0.25  ohm.  In 
general  the  resonance  point  of  the  laser  head  is  not  the  actual  operating  fre- 
quency of  the  power  source  such  that  the  value  of  Rj  obtained  at  resonance 
will  differ  slightly  at  the  operating  frequency  due  to  the  skin  resistance  effect 
which  increases  as  the  square  root  of  frequency. 
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DETERMINATION  OF  R 

g 

The  effective  resistance  of  the  gas  discharge  will  vary  with  gas  mix, 

power  input,  gas  pressure,  and  rf  frequency.  The  value  of  R^  for  a given 

set  of  discharge  parameters  can  be  determined  in  the  following  manner.  Once 

the  reactive  elements  in  the  matching  network  have  matched  the  laser  head  to 

the  rf  source,  the  impedance  as  seen  from  the  laser  head  looking  back  at  the 

source  must  be  equal  to  the  complex  conjugate  of  the  laser  head  impedance. 

For  measurement  purposes  the  rf  source  can  be  replaced  by  an 

impedance  where  for  convenience  Z^  = 50  ohms.  It  is  important  to  note 

that  the  rf  source  in  reality  will  not  be  exactly  50  ohms  so  in  fact  the  actual 

rf  source  impedance  during  the  discharge  is  not  known.  If  Z,,  = R,.  + iX, , 

In  I h In 

then  from  Equations  (1)  and  (2)  it  becomes  obvious  that  the  exact  value  of  the 

rf  source  impedance  need  not  be  known  in  order  to  determine  R since  the 

g 

ratio  is  independent  of  Z^  so  that  experimentally; 


K - R,,/X,.  = 

Ih  Ih  2 I p|  sin  (0) 


(7) 


Theoretically  the  value  of  K from  Equation  (3)  is  given  by: 


and  thus  by  iterating  E^quation  (8)  on  R using  the  previously  determined 
values  of  R j.  C,  C,  and  L,  the  value  of  R^  can  be  determined.  For  the  pulsed 
rf  laser  used  in  these  experiments  for  a pulsed  rf  discharge  in  a flowing  8;1;1 
mix  of  HeiN^iCO^  at  100  Torr  with  an  average  pulse  power  of  1 . 1 kW, 

K was  determined  experimentally  to  be  0.079.  Using  the  lumped  circuit 
parameters  of  the  laser  head  listed  in  Figure  7 and  iterating  Equation(8) 
yields  a value  of  ohms.  The  rms  voltage  across  the  discharge  can 

then  be  calculated  using  the  relation; 


IS 


f 

r 


f 

i ' 


v/here  is  the  average  pulse  power  delivered  to  the  laser  head, 

the  rms  pulse  voltage  across  the  discharge,  and  >1^  is  defined  by  Equation  (5). 
Using  the  circuit  elements  of  Figure  6 at  150  MHz,  V - 410  volts  assum- 
ing  = 0,  93, 


DETERMINATION  OF  N 


Once  P„,  and  V are  determined,  the  electron  numljer  density, 
th  rms  ' 

N , during  the  pulse  can  be  estimated  using  the  relation; 


■'d 


= I = qN  V A 

rms  ’ e d 


(10) 


where  is  the  rms  discharge  current  density,  q is  the  electron  charge, 

Vj  is  the  average  electron  drift  velocity,  and  A is  the  discharge  area. 

The  value  of  v^  will  vary  with  F:,'N  and  gas  mix  since  on  the  molec- 
ular level  it  in\olves  the  effect  of  collisions  of  electrons  and  molecules  hav- 
ing different  energies  and  collision  cross-sections.  The  relationship  of 
to  E/'N  can  be  calculated  using  the  Boltzmann  transport  equation  in  conjun- 
tion  with  the  collision  cross-sections  for  the  various  gas  species.  Figure-  9 
illustrates  the  dependence  of  v^  on  E/'N  for  various  gas  mixes. 

Using  the  previous  laser  head  data  of  V = 410  volts  and  assuming 

7 s 2 

v,  10  cm/ sec  and  A O.Z  cni  x 19  cm  3.8  cm  we  obtain  N 4.1 
11  3 

X 10  cm  . The  assumption  is  also  implicity  made  that  N^^  will  not  changt- 
appreciably  per  half  cycle  of  the  rf  power  input  and  it  is  also  assumed  that 
the  gas  temperature  is  approximately  350°K  such  that  N - 2.8  x 10^^  cm^. 


ELECTRICAL  SUMMARY 

The  preceeding  discussion  is  sufficient  in  describing  the  basic 
electrical  characteristics  of  rf  pumped  lasers.  The  analysis  has  ignored 
standing  wave  effects  which  occur  in  electrically  long  devices  or  very  high 
frequency  devices  (greater  than  250  MHz),  The  parametric  gain  and  output 
power  data  presented  later  in  the  report  will  not  include  corresponding 
parametric  electrical  data  such  as  the  variation  of  R^  with  discharge  condi- 
tion as  this  data  was  not  recorded  due  to  the  fact  that  this  data  was  not 
contractually  required  and  the  tediousness  of  the  calculations  did  not  warrant 
the  investment  of  analysis  time. 
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LASER  CHARACTERISTICS  MODEL 


The  following  discussion  will  deal  with  a brief  overview  of  CO^  laser 
kinetics.  A detailed  analysis  of  the  coupled  discharge,  gas  thermodynamics 
and  laser  kinetics  has  not  been  attempted  due  to  the  extreme  complexity  of 
the  problem.  Instead  a simplified  analysis  of  the  pulsed  laser  performance 
will  be  discussed  with  a more  detailed  analysis  to  be  performed  during 
Phase  2. 


LASER  KINETICS  MODEL 


A summary  of  the  more  important  CO^  laser  kinetics  data  and  laser 
equations  will  be  discussed  at  this  time.  Unless  otherwise  noted,  this  dis- 
cussion is  based  on  Reference  3. 

The  total  stored  vibrational  energy  above  thermal  equilibrium,  E , 
in  a mixture  of  CO-  and  N-  is  given  by: 


cm 


the  total  number  density  of  all  gas  species  in  cm 
the  molar  fraction  of  CO^  in  the  gas  mix 


the  molar  fraction  of  in  the  gas  mix 


the  Boltzmann  factor  of  the  upper  laser  level 

the  characteristic  energy  of  the  upper  laser  level  which 
-20 

equals  4.66  x 10  Joules 


PRICSDZNO  PAOM  BLaMC-NOT  /IIMKD 


The  small  signal  lOg-band  gain  for  a CO^  laser  mixture  is  given  by; 
So  “ jA  _ (U) 


where 


B'  - the  Boltzmann  factor  for  the  lower  lOg  band  laser  level 
B = the  characteristic  Boltzmann  factor  of  the  symmetric 
stretch  mode  of  the  CO^  molecules  B = b' 

2 

= the  optical  cross-section  for  the  transition  in  cm 

p 

nlm,J  = the  population  fraction  of  the  vibrational  level  nlm.  in 
a particular  rotational  level,  J 
J = the  rotational  quantum  number  of  the  upper  laser  level 
J'  = the  rotational  quantum  number  of  tlie  lower  laser  level 

and  also  noting  that  B = e "1^8. 

The  optical  cross-section  for  the  10.  6p  transition  in  a 1^2* 

He  mixture  is  given  by; 

-17  1/2 

4.08  X 10  ‘ 


where 


P is  the  total  gas  pressure  in  Torr. 

The  rotational  population  fraction,  g,  is  eiven  bv: 

1 nm,  K ^ 


' nlm , K 


2B  1 ^ -B  , K{K  f l)/kTg 

nlm  (2K  + l)e  nlm 


where 

k Boltzmann's  constant  - 1.  38  x 10  Joules/°K 

B , - the  characteristic  rotational  energy  of  the  vibrational 

nlm  ' 

mode,  nlrn 

K ~ the  rotational  quantum  number  of  a specific  vibrational  mode 

-24  -24 

and  also  noting  that  B^^j  = 7,  685  x 10  Joules  and  Bjqq  = 7.  746  x 10 

Joules , 


For  gas  pressure  in  excess  of  20  Torr,  the  laser  medium  is 
predominately  pressure  broadened  such  tint  the  steady-state  saturated  gain, 
g,  is  given  by  the  expression; 

- 

^ 1 + I /I 


I = the  optical  intensity  in  W/cm^" 

= the  saturation  intensity  in  \V/citi^ 

The  10.  6p  saturation  intensity  is  defined  by  the  equation: 


l\  ' 


S P <TT 

^001, IQ 

where 

- 34 

h = Planck's  constant  = 6,626  x 10  Joule-sec 
v’  = the  optical  frequency  in 

T = the  characteristic  decay  time  of  assymmetric  stretch  mode 
in  psec 

The  decay  time,  t,  is  a function  of  gas  mix,  pressure,  and  tempera- 
ture when  molecular  collisions  dominate  and  is  given  by  the  equation; 


where 


P = gas  pressure  in  atm. 

= the  molar  fraction  of  ith  specie 
T.  = the  decay  time  due  to  the  ith  specie  in  atm-sec. 

Figure  10  gives  values  of  t.  versus  temperature  for  CO^.  and  He. 
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Figure  10.  The  chBractBristic  decay  time,  r.,  for  various  collision  partners 
(from  reference  3)  * 


For  example,  calculated  values  for  these  various  parameters  for  an 
8:1:1  (ne:N2:C02)  mix  at  100  Torr  and  350°K  with  A = 0.2  for  the  10. Op. 
transition  are  given  below: 
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POWER  OUTPUT  EFFICIENCY 


The  pulsed  rf  laser  used  in  these  experiments  tended  to  produce  a gain 
switched  output  spike  followed  by  a much  lower  power  and  temporally  long 
tail.  In  many  respects  the  output  resembled  that  of  a Q-switched  laser  with  I 

the  exception  that  the  width  of  the  power  spike  was  much  longer  than  would  be 
expected  in  a Q-switched  laser.  In  CO^  lasers,  even  in  the  absence  of  or  ^ 

CO  in  the  mix,  the  energy  in  higher  lying  levels  tends  to  decay  back  to  the 
upper  laser  level  in  times  comparable  to  several  cavity  lifetimes  such  that 

the  pulsewidth  will  be  larger  than  predicted  theoretically.  The  cavity  life-  ; 

S ' 

time  is  defined  by  the  equation: 


t 

c 


2t 

c(l  - Re'^) 


i 

(18)  1 
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where 


c ' the  speed  of  light  = 2.998  x 10^^  cm  sec 
I = the  cavity  length  in  cm 

R = the  product  of  the  power  reflectivities  of  the  resonator  mirrors 
L = the  total  round-trip  intensity  losses  of  the  laser 

The  threshold  gain  of  the  laser  is  defined  by: 


^th 


1 

I t 

c 


(19) 


For  cases  where  is  large  (>  S)  the  theoretical  pulsewidth  of  the 

Q-switch  pulse  is  on  the  order  of  several  cavity  lifetimes  and  nearly  all  the 
inversion  energy  is  extracted  in  the  power  pulse.  A discussion  of  the  charac- 
teristics of  Q-switched  lasers  is  given  in  Reference  5. 

For  the  purposes  of  this  discussion,  we  will  analy7.e  the  efficiency 
of  the  pulsed  rf  laser  in  terms  of  the  total  energy  extracted  in  the  power 
spike  and  tail  as  compared  to  the  input  energy.  The  total  energy  stored  in 
the  upper  laser  levels  is  given  by  equation  (II)  and  by; 


F 

s 


'>p  "p  ’’d  ^ih 


(20) 


where 


q = the  discharge  pumping  efficiency  to  the  upper  baser  levels 
*d^^h  ” power  delivered  to  the  discharge 

= the  power  input  pulsewidth  in  psec 

and  where  the  implicit  assumption  is  made  that  t « t where  t is  the 
deactivation  time  of  the  upper  level  vibrational  mode  defined  by  equation  17. 
(See  References  3 and  4 for  values  of  9p  versus  F/N  for  several  gas  mixes.) 


The  total  extracted  energy  in  the  output  power  spike  can  be  defined 
by  the  followinji  equation; 


the  quantiun  efficiency  of  the  10.6  p transition 
the  extraction  efficiency 
the  resonator  efficiency 


r)  is  defined  by  the  equation 


The  value  of  q is  drpencl''nt  on  the  laser  pulsewidth  and  the  ratio  of  e 

e t'o  f’ti 

As  previously  mentioned,  the  theoretical  value  that  q can  attain  is  nearly 
1.0  for  short  pulses  with  high  values  of  output  pulses  much 

longer  than  t , q will  approach  the  approximate  value: 


and  it  is  assumed  that  this  approximation  is  valid  for  the  pulsed  rf  laser. 

The  total  round  trip  loss,  L,  of  the  laser  resonator  is  a combination 
of  lumped  and  distributed  losses.  For  example,  bore  coupling  losses  (see 
Reference  6)  and  distributed  waveguide  losses  (see  References  7 and  8) 
will  occur.  For  th--  particular  design  used  in  these  studies,  the  coupling  loss 
is  about  2 percent  and  the  waveguide  loss  is  estimated  to  be  about  2 percent. 


The  total  efficiency  of  the  laser  pulse,  > is  thus  given  by  the 
expression: 


1 1 ')  n '1 
d q P 'r  'e 


(24) 


For  example,  consider  an  8:1  :l  laser  mix  with  L = 0,  04,  R = 0.  94,  I -20  cm, 

and  g =1.5  perccnt/cm.  One  then  calculates  using  n,  0.93.  9 0.41.  and 

o (1  q 

assuming  rj  0.  30: 


t = 1 4 nsec 

c 

g^l^  = 0.24  percent/cm 

n =0.60 
'r 

n = 0.84 

' A 


0.  5 


- 0.029 


I,  = 0.  10  E 
P s 


These  numbers  arc  typical  for  the  high  loss  exte  rnal  resonator  used  in  these 
c’xpe riments . Improved  design  will  increase  tlie  expected  overall  efficiency 
esp»'cially  by  improve-ment  in  q and  q j. 

For  mixtures  containing  N2 , the  power  output  tail  will  contain  the 
energy  stored  in  the  molecule  while  the  leading  spike  will  contain  the 
energy  stored  in  the  CO^  upper  laser  level  mode  only.  The  total  laser 
efficiency,  q^,  will  be  equal  to  the  sum  of  the  energy  in  the  power  spike  and 
in  the  tail  divided  by  the  total  power  delivered  to  the  laser  head  and  is  approxi- 
mately equal  to: 


I 


TmSS 


The  preceeding  discussion  has  looked  at  the  more  important  aspects 
of  the  laser  kinetics  and  expected  performance  under  the  assumptions  previously 
outlined.  This  discussion  is  not  meant  to  be  a rigorous  analysis  of  the  problem. 
It  is  intended  as  a guide  to  the  general  understanding  of  the  data  to  be  presented 
in  the  next  section. 


EXPERIMENTAL  RESULTS 


Small  signal  gain  and  extracted  output  power  data  was  obtained  for  the 
pulsed  rf  waveguide  laser.  This  data  was  obtained  by  parametical  ly  v'arying 
the  experimental  variables  such  as  discharge  pulsewidth,  pulse  repetition 
rate,  input  power,  gas  mix,  gas  pressure,  and  gas  flow  rate.  To  minimi/,e 
the  amount  of  data,  the  gas  pressure  was  set  to  that  value  which  produced  the 
largest  output  power  spike  obtained  for  the  corresponding  laser  extraction 
experiments.  Also  the  gas  flow  rate  was  set  to  a maximum  for  the  given  gas 
pressure  as  limited  by  the  gas  plumbing  flow  constrictions.  The  power  input 
was  essentially  fixed  for  the  gas  mixes  containing  to  the  highest  power 
output  delivered  from  the  power  supply  at  the  10  kHz  repetition  rate  so  that 
the  pow-er  output  results  at  various  repetition  rates  could  be  compared  at  con- 
stant input  power.  The  power  input  was  increased  for  thi-  gas  mixes  without 
N . due  to  the  decreased  pumping  efficiency  for  these  mixes. 
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Experimental  Setup  and  Discussion 


Figure  11  illustrates  the  experimental  arrangement  for  the  small  sig- 
nal gain  experiments.  The  attenuated  5 mW  beam  from  a Sylvania  CO^  sta- 
bilized laser  was  tuned  to  the  line  center  of  the  10. 6p  P20  transition.  I he 
beam  then  reflected  from  a mirror  and  was  focused  by  an  f 7.5  cm  /.nSe 
lens  into  the  waveguide  bore.  The  beam  passing  out  of  the  waveguide  bore 
w’as  imaged  on  the  HgCdTe  10  MHz  detector  by  placing  a /.nSe  lens  of 
f 7.  5 cm  at  twice  this  distance  from  the  laser  bore  and  the  detector  thereby 
eliminating  steering  effects  of  the  pulsed  heated  gas.  A manually  operated 
blocking  screen  was  placed  directly  in  front  of  pulsed  device  so  that  a zero 
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Figure  11.  Small  signal  gain  experimental  apparatus 


level  reading  could  be  obtained  for  the  dc  coupled  detector  by  blocking  the 
probe  beam.  The  detector  was  connected  by  a 50  ohm  line  to  a high  impedance 
dual  trace  scope  in  parallel  to  a 51  ohm  termination.  The  other  channel  of 
the  scope  was  used  to  record  the  attenuated  rectified  envelope  of  the  forward 
voltage  signal. 

Results 

Data  was  obtained  on  8:1  :l  , 6:2:2,  and  3:0:1  (He:N2:C02)  ps-s  mixes. 
Only  small  signal  gain  was  measured  and  no  saturated  data  was  taken.  The 
data  will  be  presented  in  tabular  form  using  the  following  variables  to  describe 
the  measurement  data: 

P|h  ” average  pulse  power  into  the  lower  head  in  kW 
Tp  = pulsewidth  of  the  forward  power  pulse  in  sec 
1 = '■•he  pulsewidth  repetition  rate  in  kHz 

I 

Pq  = the  peak  measured  small  signal  gain  in  cm' 

~ the  characteristic  decay  time  of  the  gain  after  reaching  g 
in  sec  ° 

This  data  is  presented  in  Table  1.  Figures  12  and  13  illustrate  the  actual 
data  taken  for  various  experimental  conditions.  The  small  signal  gain  versus 
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Figure  13.  Typical  smalt  signal  gain  data  for  3:0:1  mix 
(Note:  All  photos  10  ^sec/div  time  scale) 


time  is  illustrates  in  these  figures  and  is  determined  by  the  lower  three  traces 
of  each  photo.  The  upper  of  the  three  traces  is  the  detector  signal  with  input 
power  pulse  to  the  pulsed  laser.  The  next  lower  line  is  the  detector  signal 
without  power  pulse  to  the  pulsed  laser.  The  lowest  line  is  the  zero  level 
of  the  detector.  Thus  these  three  traces  determine  the  small  signal  gain  of 
the  laser  medium  versus  time.  The  uppermost  trace  is  the  attenuated  recti- 
fied en\elope  of  the  forward  voltage  pulse. 

There  are  several  interesting  aspects  to  this  data.  We  note  that  of  the 
three  mixes  measured,  the  6:2:2  mix  had  the  highest  g^  followed  by  8:1:1  and 
3:0:1  respectively.  The  value  of  g^  in  nearly  all  the  cases  peaks  after  the 
power  pulse  as  would  be  expected  since  at  the  end  of  the  pulse  the  pumping  of 
the  lower  laser  level  ceases  thus  Increasing  the  inversion  just  after  the 
pulse  due  to  the  rapid  decay  of  this  level  which  increases  the  gain.  Also  note 
that  the  3:0:1  mix  has  the  most  rapid  decay  of  the  gain  as  compared  to  the 
other  mixes.  This  is  mostly  due  to  the  high  relative  CO^  content  as  CO^ 
molecules  are  more  likely  to  deactivate  excited  CO^  niolecules  in  a collision 
than  are  He  and  N2.  The  highest  small  signal  gain  measured  was  2.7  percent, 
cm  for  the  6:2:2  mix  with  f = 1.0  kHz,  t =10.0  usee,  and  Po,  =1.1  kW.  This 
does  not  mean  that  the  6:2:2  mix  is  the  absolute  best  in  terms  of  small  signal 
gain  when  compared  against  all  other  He:N2:C02  mixes.  This  mix  was  chosen 
as  a reference  to  the  8:1:1  mix  of  which  there  is  some  published  laser 
kinetics  data.  The  6:2:2  mix  has  twice  the  and  CO^  content  of  8:1:1  and 
thus  makes  an  interesting  mix  for  comparative  reasons. 

POWER  OUTPUT  D.ATA 

Experimental  Setup  and  Discussion 


Figure  14  illustrates  the  experimental  arrangement  for  the  power  out- 
put measurements.  The  pulsed  rf  laser  was  operated  with  external  optics 
mounted  to  a thermally  and  mechanically  stable  rail.  AR  windows  at  10.6  p 
were  mounted  to  the  ends  of  the  laser  shell  and  formed  the  gas  seals.  The 
gas  was  flowed  as  in  the  small  signal  gain  experiments  by  flowing  the  gas 
through  both  ends  of  the  bore  and  out  a hole  in  the  center  of  the  grounded  dis- 
charge electrode.  The  average  laser  output  power  was  measured  with  a 
Coherent  Radiation  model  #210  power  meter.  The  actual  pulse  shape  of  the 
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Figure  14.  Power  output  experimental  apparatus 


output  was  measured  by  observing  the  residual  scattered  radiation  from  tiie 
power  meter  detector  head  with  a 75  MHz  HgCdTe  detector.  This  detector 
has  a 10  MHz  bandwidth  without  the  Ijias  box  (as  was  used  in  the  small  signal 
gain  experiments).  The  detector  was  terminated  into  a dual  trace  high 
impedance  scope  in  parallel  with  a 51  ohm  termination.  The  scope  was  band- 
limited  to  ZO  MHz  to  prevent  rf  noise  signals  from  being  displayed  on  the 
oscilloscope.  The  other  channel  of  the  scope  was  used  to  record  the  rectified 
envelope  of  the  forward  voltage  pulse.  The  setting  of  the  oscilloscope  to  the 
ZO  MHz  band-limit  did  not  significantly  alter  the  output  power  trace.  The 
detector  was  dc  coupled  with  a slow  (10  Hzl  response  so  that  both  the  initial 
power  spike  and  long  tain  in  mixtures  containing  could  be  observed  undis- 
torted. By  measuring  the  time  averaged  output  power  and  observing  the  fast 
detector  trace,  the  peak  output  power  was  determined. 


37 


Results 
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Data  was  obtained  on  8:1:1,  6:2:2,  and  3:0:1  {He:N2:C02)  mixes. 
The  data  will  be  presented  in  tabular  form  using  the  same  nomenclature  as 
Table  1 with  the  added  measurement  variables; 

= the  peak  output  power  from  the  laser  in  Watts 
= the  average  laser  output  power  in  Watts 

This  data  is  presented  in  Table  2,  Figures  15  and  16  illustrate  the  actual 
output  data  taken  for  various  experimental  conditions.  The  lower  trace  in 
each  photo  is  the  fast  detector  trace  of  the  power  output  while  the  upper  trace 
represents  the  attenuated  rectified  envelope  of  the  forward  voltage  pulse. 

There  are  some  noteworthy  aspects  to  this  data.  The  best  average 
output  power  from  the  pulsed  laser  was  obtained  with  the  6;2;2  mix  followed 
by  8;1;1  and  3:0:1  respectively.  The  highest  peak  power  output  of  the  laser 
pulse  was  obtained  with  the  3:0:1  mix  which  also  had  the  shortest  decay  tail 
as  would  be  expected  due  to  the  absence  of  in  the  mix.  In  the  mi.x<‘S 

containing  it  is  readily  observed  that  a large  fraction  of  the  output  energy 
occurs  in  the  decay  tail  (>  50  percent).  In  general,  the  mixes  containing 
had  longer  power  spike  pulsewidths  (-  200  to  250  nsec)  as  cornpared  to  the 
3:0:1  mix  ( -150  to  200  nsec).  This  pulsewidth  was  not  recorded  for  every 
parametric  data  point  but  in  general  the  pulsewidths  just  mentioned  were 
typical  for  all  the  data  listed  in  Table  2. 

The  polarization  of  the  laser  output  was  also  measured.  For  both  cw 
and  pulsed  operation,  the  laser  output  was  self- pola rized  such  that  the  elec- 
tric field  of  the  laser  output  was  parallel  to  the  electrode  surfaces.  This  is 
an  important  result.  No  Brewster  windows  are  needed  internal  to  the  reso- 
nator and  thus  optical  losses  are  minimized  when  polarized  output  is  desired. 

It  is  again  important  to  note  that  the  output  power  results  would  have 
been  significantly  improved  had  internal  optics  been  employed.  The  external 
resonator  with  internal  AR  windows  introduces  significant  loss  both  due  to 
the  window  losses  and  the  bore  coupling  losses  which  are  enhanced  by  the 
large  index  of  refraction  of  the  ZnSe  windows.  The  intent  for  Phase  2 is  to 
use  an  internal  resonator  for  the  sealed-off  experiments.  Considering  that 
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TABLE  2.  TABULATED  POWER  OUTPUT  DATA 


Gas 

Mix 

(kW) 

T 

P 

(nsec) 

(kHz) 

P 

Torr 

(millimoles/ sec) 

R 

P 

P 

(Watts) 

P 

a VC 

(Watts) 

6:2:2 

1.  1 

3.0 

1.0 

100 

2.4 

0.  70 

-220 

0,  20 

6:2:2 

1.  1 

6.0 

1.0 

100 

2.4 

0.70 

-200 

0.  88 

6:2:2 

1.  1 

10.0 

1.0 

100 

2.4 

0.70 

-220 

0.70 

6:2:2 

0.6 

3.0 

10.0 

100 

2.4 

0. 70 

-80 

0.90 

6:2:2 

0.8 

9.  5 

3.0 

100 

2.4 

0.  70 

-130 

1.  88 

6:2:2 

1.  1 

3.0 

1.0 

100 

2.4 

0.80 

- 130 

0. 20 

6:2:2 

1.  1 

6.0 

1.0 

100 

2.  4 

0.80 

-280 

0.  88 

6:2:2 

1.  1 

10.0 

1.0 

100 

2.  4 

0.80 

-240 

0.68 

6:2:2 

0.6 

3.0 

10.0 

100 

2.4 

0.80 

-80 

0.70 

6:2:2 

0.7 

9.  5 

3.0 

100 

2.4 

0.80 

-300 

1.48 

6:2:2 

1.  1 

3.0 

1.0 

100 

2.  4 

0.90 

- 160 

0.28 

6:2:2 

1.  1 

6.0 

1.0 

100 

2.4 

0.90 

-210 

0.88 

6:2:2 

1.2 

10.0 

1.0 

100 

2.4 

0.90 

-210 

0.68 

6:2:2 

0.6 

3.0 

10.0 

100 

2.4 

0.90 

-100 

0.  98 

6:2:2 

0.  7 

9.  8 

3.0 

100 

2.4 

0.90 

- 130 

1.  88 

8:1:1 

1 . 1 

3.0 

1.0 

100 

2.  4 

0. 70 

- 120 

0.  IS 

8:1:1 

1.  1 

6 0 

1.0 

100 

2.4 

0.  70 

- 130 

0.38  ; 

8:1:1 

1.  1 

10.0 

1.0 

100 

2.  4 

0.  70 

- 140 

0.  60  I 

8:1:1 

0.6 

3.0 

10.0 

100 

2.4 

0.70 

-60 

0.80  i 

8:1:1 

0.  7 

9.8 

3.0 

100 

2.4 

0.70 

- 170 

1 . 30  1 

8:1:1 

1.  1 

3.0 

1.0 

100 

2.  4 

0.80 

- 140 

0.18 

8:1:1 

1.  1 

6.0 

1.0 

100 

2.4 

0.80 

- 170 

0.38  i 

8:1:1 

1.  1 

10.0 

1.0 

100 

2.  4 

0.80 

- 190 

0.60  ; 

8:1:1 

0.6 

3.0 

10.0 

100 

2.4 

0.80 

-80 

0.88 

8:1:1 

0.8 

9.  8 

3.0 

100 

2.4 

0.80 

- 190 

1.18  j 

8:1:1 

1.  1 

3.0 

1.0 

100 

2.  4 

0.90 

- 140 

0.20  1 

8:1:1 

1.  1 

6.0 

1.0 

100 

2.4 

0.90 

- 130 

0.40 

8:1:1 

1.  1 

10.0 

1.0 

100 

2.4 

0.90 

- 180 

0.  70  . 

8:1:1 

0.7 

3.0 

10.0 

100 

2.4 

0.90 

-80 

1 . 20 

8:1:1 

0.  7 

9.8 

3.0 

100  ' 

2.4 

0.90 

- 130 

1. 48 

3:0:1 

1.7 

3.0 

1.0 

180 

4.  8 

0.98 

-400 

0.  10 

3:0:1 

1.7 

6.0 

1.0 

180 

4.  8 

0.98 

- 310 

0.  18 

3:0:1 

1.7 

3.0 

3.0 

180 

4.  8 

0.98 

-280 

0.20  ' 

3:0:1 

1.8 

3.0 

3.0 

100 

2.4 

0.98 

- 170 

0.  18 
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Figure  15.  Typical  laser  output  data  for  6:2:2  and  8: 1: 1 gas  mixes  at  100  torr  gas  pressure 
(Note:  All  photos  2 /isec/div  time  scale) 
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Figure  16.  Typical  laser  output  data  for  3:0:1  mix 
(Note:  All  photos  2 psec/div  time  scale) 


the  Phase  1 experiments  were  essentially  a feasibility  study  of  pulsed  rf 
waveguide  lasers,  the  results  of  the  power  output  experiments  are  impressive. 

SUMMARY 

The  quality  of  the  data  obtained  for  the  Phase  1 effort  is  excellent. 

The  power  electronics,  diagnostic  equipment,  monitoring  electronics,  and 
detector  electronics  used  in  taking  the  data  performed  well  with  the  exception 
of  the  pulsed  rf  supply  and  the  contamination  problem  of  the  laser  head.  The 
latter  problem  was  overcome  by  flowing  the  gas  at  a rapid  rate  and  thus 
parametric  variation  of  the  gas  flow  was  not  performed  since  decreasing  the 
flow  rate  from  the  maximum  rates  used  in  taking  the  data  would  have  led  to 
performance  degradation  due  to  the  increased  effects  of  the  contamination 
problem.  Again  it  should  be  noted  that  the  contamination  problem  has  been 
solved  since  the  completion  of  Phase  1 and  thus  no  problem  is  seen  in  pro- 
ceeding with  the  sealed-off  experiments  of  Phase  2.  The  power  supply  prob- 
lem is  also  now  understood,  and  Hughes  is  making  modifications  to  the  supply 
which  will  prevent  the  power  degradation  of  the  supply  from  occurring  in  the 
future. 


CONCLUSIONS  AND  OBSERVATIONS 


Hufihes  has  successfully  demonstrated  the  operation  of  a pulsed  rf 
waveguide  CO^  laser.  There  were  several  major  results  and  accomplish- 
ments during  this  effort: 

1.  The  efficient  passive  matching  of  the  rf  power  supply  to  the 
laser  head  was  demonstrated.  Input  powers  of  up  to  3 kW 
average  were  achieved.  Active  matching  networks  are  thus 
unnecessary  in  these  devices. 

2.  Gain  switched  pulsed  laser  outpvit  was  obtained.  Peak  powers 
of  up  to  400  W with  150  nsec  pulsewidths  were  obtained  with 
an  external  resonator.  Repetition  rates  of  up  to  20  kHz 
were  demonstrated.  Higher  r<>p  rates  are  possible.  Higher 
output  powers  will  probably  be  obtained  with  an  internal 
resonator. 

3.  Small  signal  gain  measurements  were  made  for  the  flowing 
gas  condition,  l^eak  small  signal  gains  of  up  to  2.  7 percent/cm 
were  achieved  in  6:2:2  (He:N2:C02)  flowing  gas  mix.  The 
temporal  decay  rate  of  the  gain  was  also  observed  and  was 
dependent  on  gas  mix,  gas  pressure,  and  input  power. 

4.  The  laser  output  was  observed  to  be  self-polarized  both  in 
pulsed  and  cw  operation.  The  polarization  of  the  optical  field 
was  observed  to  be  parallel  to  the  electrode  surfaces.  Thus 
no  Brewster  window  or  diffraction  grating  is  needed  to  obtain 
polarized  laser  output. 

5.  The  pulsed  laser  was  observed  to  run  preferentially  on  a 
lowest  order  mode.  Changes  in  cavity  length  caused  higher 
mode  operation.  The  pulsed  spike  peak  power  was  observed 

to  be  a maximum  when  the  frequency  of  the  lowest  order  cavity 
mode  was  situated  near  a gain  maximum  of  the  medium.  Thus 
a thermally  stable  optical  bench  is  necessary  for  these  devices. 

6.  The  pulsed  laser  was  also  run  cw  and  thus  mixed  mode  (both 
simultaneous  pulsed  and  cw)  operation  is  feasible. 
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Since  the  conclusion  of  Phase  1,  sealed  off  operation  has  been  obtained 
and  the  contamination  problems  encountered  during  Phase  1 have  been  resolved. 
The  power  supply,  which  had  not  performed  properly  during  Phase  1,  has 
now  been  fixed  and  thus  higher  input  power  studies  can  be  performed.  The  next 
major  effort  in  the  development  of  the  pulsed  rf  devices  will  be  in  the  building 
of  miniaturized,  transistorized  power  supplies.  Currently  the  laser  head 
makes  up  only  a small  part  of  the  total  weight  and  size  of  the  power  supply- 
laser  head  integrated  system. 

Hughes  is  pleased  to  make  this  report  on  the  successful  completion 
of  the  Phase  1 effort.  The  results  of  Phase  1 indicate  that  the  Phase  2 effort 
will  have  a high  probability  of  success. 
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554  Commandant 

US  Army  Air  Defense  School 
ATTN:  ATSA-CD-MC 
001  Fort  Bliss,  TX  79916 

555  Commander 

US  Army  Nuclear  ir  Chemical  Agency 
7500  Backlick  Road,  Building  2073 
001  Springfield,  VA  22150 

556  HQ  TCATA 

Technical  Information  Center 
ATTN:  Mrs.  Ruth  Reynolds 
001  Fort  Hood,  TX  76544 

559  Commander 

US  Army  Dugway  Pro ving  G round 
ATTN:  MT-T-M 
001  Dugway,  UT  84022 

562  Commander,  DARCOM 
ATTN:  DRCDE-DE 

(Mr.  Bladgett) 

5001  Eisenhower  Avenue 
001  Alexandria,  VA  22333 

563  Commander,  DARCOM 
ATTN:  DRCDE 

5001  Eisenhower  Avenue 
001  Alexandria,  VA  22333 


564  Cdr,  US  Army  Signals 
Warfare  Lab 
ATTN:  DELSW-OS 
Vent  Hill  Farms  Station 

001  Warrenton,  VA  22186 

567  Commandant 

US  Army  Engineer  School 
ATTN:  ATSE-TD-TL 

002  Fort  Belvoir,  VA  22060 

568  Commander 

US  Army  Mobility  EqpRes 
and  Dev  Cmd 
ATTN:  DRXFB.R 
001  Fort  Belvoir,'  VA  22060 

569  Commander 

US  Army  Engineer  Topographic 
Labs  (ATTN:  ETL-TD-EA) 

001  Fort  Belvoir,  VA  22060 

571  Director,  Eustis  Directorate 
US  Army  Air  Mobility  R&D  Lab 
ATTN:  Technical  Library 

001  Fort  Eustis,  VA  23604 

572  Commander 

US  Army  Logistics  Center 
ATTN:  ATCL-MC 

002  Fort  Lee,  VA  22801 

573  Commander 

US  Army  Logistics  Center 
ATTN:  ATCL-MA 

001  Fort  Lee,  VA  23801 

574  Commander 
HQ,  TRADOC 
ATTN:  ATTNG-XO 

002  Fort  Monroe,  VA  23651 

575  Commander 

US  Army  Training 
and  Doctrine  Cmd 
ATTN:  ATCD-TEC 
001  Fort  Monroe,  VA  23651 
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576  Commander 

US  Army  Training  & Doctrine  Cmd 
ATTN:  ATCD-SIE 
001  Fort  Monroe,  VA  23651 

578  Cdr,  US  Army  Garrison 
Vint  Hill  Farms  Station 
ATTN:  lAVAAF 
001  Warrenton,  VA  22186 

600  Director,  Night  Vision  Lab 

US  Army  Electronics  Command 
ATTN:  DRSEL-NV-VIS 

(Mr.  L,  Gillespie) 

001  Fort  Belvoir,  VA  22060 

601  Director,  Night  Vision  Lab 
US  Army  ERADCOM 
ATTN:  DELNV-SD 

(Mr.  Gibson) 

001  Fort  Belvoir,  VA  22060 

602  Director,  Night  Vision  Lab 
US  Army  ERADCOM 
ATTN:  DELNV-D 

001  Fort  Belvoir,  VA  22060 

604  Chief 

Ofc  of  Missile  Electronic  Warfare 
Electronic  Warfare  Lab,  ERADCOM 
001  White  Sands  Missile  Range, 

New  Mexico  88002 

606  Chief 

Intel  Material  Dev  & Spt  Ofc 
Electronic  Warfare  Lab,  ERADCOM 
001  Fort  Meade,  MD  20755 

680  Commander 

US  Army  Electronics  Research 
and  Development  Command 
Fort  Monmouth,  NJ  07  703 

1 DELSD-D-PC 
ATTN:  J.  Sanders 
1 DRSEL-PL-ST 
1 DELEW. D 


1 DELAS-D 
1 DELNV-L 
(Dr.  R.  G.  Baser) 

1 DELNV-L. E 
(Dr.  H.  Hieslmair) 

1 DELNV-L-D 
(Mr.  J.  Strozyk) 

1 DELET-D 
1 DELET-I 
(Dr.  Jacobs) 

1 DELET-B 
1 DELET-TG 
(Mr.  S.  Schneider) 

1 DRDCO-COM-RM-l 
(Dr.  E.  Dworkin) 

1 DELEW-SW 

1 DRSEL-MA-MP 

2 DELSD-L-S 

1 DELSD-L 

2 DRSEL-PA 
1 DRDEL-SA 

(Dr.  McAfee) 

DELNV-L 
(Originating  Office) 

1 DRCPM-TDS-SE 
1 USMC-LNO 

700  CINDAS 

Purdue  Industrial  Research  Park 
2595  Yeager  Road 

001  W.  Lafayette,  IN  47096 

701  MIT  - Lincoln  Laboratory 
ATTN:  Library  (Rm  A-082) 

PO  Box  73 

002  Lexington,  MA  02173 

702  Environmental  Research  Inst, 
of  Michigan 

ATTN:  IRIA  Library 
PO  Box  618 

001  Ann  Arbor,  MI  48107 

703  NASA  Scientific  & Tech  Info  Fac. 
Baltimo  re/ Washington 

Inti  Airport 

001  PO  Box  8757,  MD  21240 
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706  Advisory  Group  on  Electron  Dev 
ATTN:  Secy,  Working  Group  D 
( Lasers) 

ZOl  Varick  Street 
002  New  York,  NY  10014 


Commande  r 

Department  of  the  Army 
Project  Manager,  FIREFINDER 
ATTN:  DRCPM-FF 
Fort  Monmouth,  NJ  07703 


707  TACTEC 

Battelle  Memorial  Institute 
505  King  Avenue 
001  Columbus,  011  43201 


Commande  r 

Department  of  the  Army 
Project  Manager,  SOTAS 
ATTN:  DRCPM-STA 
Fort  Monmouth,  NJ  07703 


709  Plastics  Tech  Eval  Center 
Picatinny  Arsenal,  Bldg  176 
ATTN:  Mr.  A.  M.  Anzalone 
001  Dover,  NJ  07801 


Commande  r 

Department  of  the  Army 
Project  Manager, 

Concept  Analysis  Centers 
ATTN:  DRCPM-CAC 
Arlington  Hall  Station 
Arlington,  VA  22212 


710  Ketron,  Inc. 

ATTN:  Mr.  Frederic 
1400  Wilson  Blvd,  Ar 
002  Arlington,  VA  22209 


C o m m a nd  e r 

Aviation  Flight  Test  Activity 
ATTN:  DELAF-CO 
Lakehurst  NAEC,  NJ  08733 


711  Metals  and  Ceramics  Inf, 
Battelle 

505  King  Avenue 
001  Columbus,  OH  43201 


Commanding  General 
US  Army  ERADCOM 
2800  Powder  Mill  Road 
Adelphi,  MD  20783 


DRDEL-CG/DRDEL-DC/ 
DRDFL-CS 
DRDEL-CT  (2  cys) 
DRDFL-PAO 
DRDEL-SB/ 

DRDEL-EA 
DRDEL-AP  (2  cys) 

DRDFL-  PA/DRDEL-ILS/ 
DRDEL-E 

DRDEL-TD  (Dr.  W.  Carter) 


Commander 

Harry  Diamond  Laboratories 
ATTN:  DELHD-CO 
2800  Power  Mill  Road 
Adelphi,  MD  20783 


